We have achieved very efficient high-harmonic generation in a two-color laser field using a long gas jet of He. With the optimization of laser parameters and target conditions, strong harmonics were produced at 2͑2n +1͒th orders in an orthogonally polarized two-color field. The strongest harmonic at the 38th order ͑21.6 nm͒ reached an energy of 0.6 J with a 6 mm gas jet, giving a conversion efficiency as high as 2 ϫ 10 −4 .
High-order harmonics ͑HOH͒ generated from highly nonlinear interaction between intense femtosecond laser and atoms have unique properties of superb spatial coherence in the soft x-ray region and extremely short pulse duration on the attosecond time scale. These exceptional features of HOH have opened up new applications in nonlinear optics, 1 x-ray interferometry, 2 holography, 3 and also in seeding an x-ray laser 4 or free electron laser. 5 However, such applications generally require strong and efficient generation of HOH. For highly efficient generation of HOH, several methods have been applied. By adopting a long gas cell with long focusing optics [6] [7] [8] or a long gas jet in a guided propagation mode, 9 the harmonic generation volume can be maximized, reaching the condition of absorption-limited harmonic generation. Under these conditions, large effective cross section can be utilized for harmonic generation. Recently, the use of a two-color laser field, consisting of fundamental and second harmonic ͑SH͒ fields, for high-order harmonic generation ͑HHG͒ has led to dramatic enhancement of harmonic generation efficiency. 10 As the two-color laser field contains much more control parameters, compared to a single laser field, an elaborate optimization of experimental parameters is required for strong and efficient HHG in the two-color laser field.
In this letter, we report very efficient HHG in the 20 nm region realized by adopting a long gas jet medium in a twocolor laser field. Strong high harmonics with energy of approximately microjoules and conversion efficiency of ϳ10 −4 have been realized at low-order harmonics in the 50 nm or longer wavelength region. 6, 11 Previous studies also showed that as the harmonic order increases, the conversion efficiency rapidly decreases, e.g., 2 ϫ 10 −5 at 30 nm 7 and 5 ϫ 10 −7 at 13.5 nm. 8 Our earlier results on HHG in a twocolor laser field employing a target of a circular gas jet, well exceeded these values. 10 Efficient harmonic generation from a He gas jet in a two-color laser field was realized in a simple setup. By simply inserting a SH crystal in the beam path of harmonic generation, exceptionally strong harmonics were generated, contrary to the usual conception that appreciable HHG cannot be obtained in an orthogonally polarized twocolor laser field. Strong harmonic generation was possible due to the formation of a quasilinear field, the selection of short quantum path component which has denser electron wave packet, and high ionization rate, but not too high as in the case of a parallelly polarized two-color laser field. 10, 12 In the present work, we have significantly increased the harmonic conversion efficiency further by adopting a long gas jet medium and by improving the intensity of the SH field. The achieved conversion efficiency over 10 −4 at 21 nm is the highest value ever reported in the spectral region below 50 nm.
The HHG in the two-color laser field can be optimized by controlling a range of experimental parameters of target and laser. In particular, the most sensitive parameters are laser intensities, relative phase, and polarization of the two fields, as well as target density, length, and position. The experimental layout of the two-color HHG is shown in Fig.  1 . Femtosecond laser pulses with an energy of 2.8 mJ and pulse duration of 30 fs, after being focused by a spherical mirror ͑f =60 cm͒, were incident on a He gas jet. For SH generation, a type-I beta-barium borate ͑BBO͒ crystal was placed between the focusing mirror and the gas jet. With two BBO crystals with thicknesses of 100 and 200 m, the SH conversion efficiencies of 20% and 28% were obtained, respectively. Gas jets with circular nozzle of 0.5 mm diameter, slit nozzles of 0. were used for target optimization. The distance from the nozzle tip to the interaction region was 250 m. The measured beam waists of the fundamental and SH beams at the laser focus were 45 and 37 m in full width at half maximum, respectively. Generated harmonics were detected using a flat-field extreme ultraviolet ͑XUV͒ spectrometer equipped with a back-illuminated x-ray charge coupled device ͑CCD͒ ͑Princeton Instruments͒, and two aluminum filters of 1 m thickness were installed to block scattered laser light and to prevent the saturation of CCD. The optimization of twocolor HHG was performed by selecting the target length and position while controlling the relative phase between the two fields and increasing the SH conversion.
One critical parameter to determine the electric field configuration of the synthesized two-color laser field is the relative phase between the two fields. The relative phase greatly affects the electron trajectory in HHG and thus the harmonic yield. For the control of the relative phase between the fundamental and SH fields, a fused silica plate with a thickness of 150 m was inserted in the beam path after the SH crystal, as shown in Fig. 1. Figure 2 shows the intensity modulation of the 38th-order harmonic from the 6 mm He gas jet as a function of relative phase between the two fields. The harmonic intensity modulation shows the periodicity of in the relative phase change for both 100 m as well as 200 m BBO crystals. This is a clear evidence of the mixing effect between the two fields. The modulation depth is ϳ0.25 for the 100 m BBO and ϳ0.16 for the 200 m BBO crystal. The reason for the reduced modulation depth of the thicker crystal is due to the increased time delay between the fundamental and SH fields from 18 to 36 fs. With the control of relative phase, we achieved an enhancement of 38th harmonic of 20% for 200-m-thick BBO and 30% for 100-m-thick BBO crystal.
By employing a long gas jet, much stronger HHG was achieved even in the two-color laser field. First, the HHG was optimized for the target position. In the case of a single color HHG with a long gas jet, the harmonic yield was found to be very sensitive to the target position as the plasma defocusing strongly affects the laser beam propagation even well within the Rayleigh length. 9 This was also true in the case of the two-color field. In Fig. 3͑a͒ , the 38th harmonic yield is shown as a function of the target position for the gas jets with 0.5 mm circular nozzle and 3, 6, and 9 mm slit nozzles. The gas jet position of z = 0 corresponds to the center of the gas jet at the laser beam focus, and the "minus" sign in the target position means the gas jet placed before the laser focus. Here, the BBO crystal of 200 m thickness was used. The optimization at z = −10 mm is due to the guiding effect, i.e., a converging laser beam compensates for the plasma defocusing of the propagating laser field in the ionizing gas medium. 9, 13 When the gas medium is ionized by a laser pulse, the central part of the laser beam is refracted outward due to higher electron density at the center, whereas the less affected outer beam still converges. This creates a flattened refractive index profile with a sharp boundary, which induces guided propagation. At the optimized target position, nearly uniform plasma column was observed along the entire length of the gas jet, and the 38th harmonic in the case of the 6 mm jet was stronger by more than an order of magnitude than that of the circular jet. The laser intensities were 4 ϫ 10 14 and 9 ϫ 10 14 W / cm 2 for the fundamental and SH, respectively. The intensity estimate was made from the observed harmonic cutoff orders ͑67th for the fundamental and 46th for the SH͒, as they represent actual laser intensities during strong harmonic generation. The guided propagation is especially important for the case of a long gas jet since the utilization of the full target length can be realized only when the plasma defocusing effect is compensated, which also simplifies the phase matching conditions and effectively increases the phase-matched harmonic generation volume. 14 The optimization of the medium length under the guided laser propagation was then pursued. The harmonic yield increases until the gas jet length of 6 mm, but it decreases for the 9 mm jet. Though an increase of the 38th harmonic at 21.6 nm is the largest one, other orders show similar trend. As the effective length of medium is longer, the harmonic yield also increases, up to the point where the reabsorption of harmonics by the medium becomes significant. As the absorption length of 100 torr He is about 2 mm, the optimized medium length of 6 mm corresponds to three times the ab- sorption length, which agrees with the calculation by Constant et al. 15 carried out for the optimum harmonic generation in an absorbing gas medium. Consequently, the harmonic yield of the long gas jet was obtained in the absorption-limited regime.
Finally, by adjusting the medium length and position along with laser parameters such as the relative phase between the two fields and laser intensity, we have optimized HHG in the two-color laser field. The optimized harmonic spectrum in Fig. 3͑b͒ shows that the harmonics at 2͑2n +1͒th orders are dominant, being much stronger than those of 2͑2n͒th and ͑2n +1͒th orders. In particular, both 38th and 42nd harmonics, obtained with a single laser shot of 2.8 mJ, saturated the x-ray CCD even with two 1-m-thick Al filters installed in front of the x-ray CCD. For the energy calibration of the detection system, we took into account the reflectance of the toroidal mirror, the diffraction efficiency of the flat-field grating and the quantum efficiency of x-ray CCD in the XUV spectrometer, and the transmission of the Al filter considering the oxidation. The 38th harmonic at 21.6 nm as well as the 42nd harmonic at 19.5 nm reached an energy of 0.6 J per shot, giving a conversion efficiency of 2 ϫ 10 −4 . In conclusion, strong and highly efficient HHG was realized in the two-color laser field with a long gas jet, obtaining submicrojoule harmonics in the 20 nm spectral region, by optimizing the medium length and position as well as the relative phase between the two fields and SH conversion. The strongest harmonic at the 38th order ͑21.6 nm͒ reached an energy of 0.6 J, giving an unprecedented conversion efficiency of 2 ϫ 10 −4 . The guided propagation of laser pulse to compensate for the plasma defocusing in a long gas jet was crucial for the absorption-limited generation of HOH in the two-color laser field. As the wavelength of the 38th harmonic ͑21.6 nm͒ is quite close to that of Ne-like Zn x-ray laser at 21.2 nm, 16 it will be possible ͑after fine wavelength tuning͒ to use this harmonic for seeding the x-ray laser plasma amplifier. With further increase of laser energy, the observed dramatic enhancement of HHG in a two-color laser scheme can be extended to even shorter wavelength region.
